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Abstract
Non-standard neutrino interactions (NSI) affect both their propagation through matter and
their detection, with bounds on NSI parameters coming from various astrophysical and terrestrial
neutrino experiments. In this paper, we show that NSI can be probed in future direct dark matter
detection experiments through both elastic neutrino-electron scattering and coherent neutrino-
nucleus scattering, and that these channels provide complementary probes of NSI. We show NSI
can increase the event rate due to solar neutrinos, with a sharp increase for lower nuclear recoil
energy thresholds that are within reach for upcoming detectors. We also identify an interference
range of NSI parameters for which the rate is reduced by approximately 40%. Finally, we show
that the “dark side” solution for the solar neutrino mixing angle may be discovered at forthcoming
direct detection experiments.
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I. INTRODUCTION
Direct searches for dark matter now have strong limits on the spin-independent WIMP-
nucleus scattering cross section [1–5]. Future searches that aim to improve upon these
limits, or even detect dark matter, will be challenged by neutrino backgrounds from the
sun, supernovae, and atmosphere [6–9]. Thinking about the astrophysical neutrinos as a
signal rather than background, future experiments may be able to probe exotic properties
of neutrinos or astrophysical properties of the sources [10–12], and are complementary to
terrestrial searches for exotic neutrino interactions [13–17].
Non-standard neutrino interactions (NSI) describe beyond the Standard Model (BSM)
couplings of neutrinos [18, 19]. NSI affect neutrino production, propagation, and detection,
and have been searched for through each of these channels. For propagation, the presence of
NSI modifies the matter potential through both the diagonal and off-diagonal elements in the
effective Hamiltonian. For detection, NSI affects the interactions with leptons or quarks,
either enhancing or decreasing the cross section relative to the SM value. Non-standard
neutrino interactions have been invoked to explain recent discrepancies in measurements of
neutrino masses and mixing angles [20], and may be probed by future reactors and acceler-
ators [21, 22], and through astrophysics [23–27]. Though there is not yet evidence for NSI,
for some combinations of couplings between fermions and neutrino flavors the bounds are
weak, still allowing for couplings of order unity.
In this paper, we study NSI of solar neutrinos in dark matter detectors. We focus on
solar neutrinos because their flux has been well studied and their interaction rates can be
readily compared to the corresponding rates deduced from previous experiments. We con-
sider interactions between all types of neutrino flavors and fermions, and use a three-flavor
formalism accounting for NSI in propagation through the solar interior and in detection
on Earth. For detection, we consider both elastic neutrino-electron scattering and coher-
ent neutrino-nucleus scattering, and show that these channels are complementary, probing
distinct regimes of the NSI parameter space.
We identify a range of NSI parameter space that is not ruled out by neutrino experiments,
but is observable in dark matter experiments. For certain parameters, we show that due to
NSI the event rate can be either enhanced or decreased relative to the SM value. For rates
which are increased, we identify parameter ranges that can be probed by forthcoming ton-
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scale direct dark matter detection experiments [28, 29]. We identify an interference range of
NSI parameters for which the rate is reduced by approximately 40%. We additionally show
that the “dark side” solution for solar neutrino mixing angles can be probed by forthcoming
dark matter experiments.
II. SOLAR NEUTRINOS AND NON-STANDARD INTERACTIONS
For neutral current NSI, the most general four fermion interaction is
Lint = 2
√
2GF ν¯αLγ
µνβL
(
fLαβ f¯LγµfL + 
fR
αβ f¯RγµfR
)
, (1)
where α, β = e, µ, τ indicates the neutrino flavor, and L, R denote left and right-handed
components. From this, the cross section for the interaction between a neutrino and a
fermion, νβ + f → να + f , as a function of nuclear recoil energy, Er, is
dσ
dEr
=
2
pi
G2Fmf
[∣∣∣fLαβ∣∣∣2 + ∣∣∣fRαβ ∣∣∣2(1− ErEν
)2
− 1
2
(
fL∗αβ 
fR
αβ + 
fL
αβ
fR∗
αβ
) mfEr
E2ν
]
, (2)
where mf is the mass of the electron or nucleus [30]. Note that a change of neutrino flavor
may be induced by NSI. The ’s of electron scattering in Equation 2 can be written as
eLαα → δαe +
(
−1
2
+ sin2 θw
)
+ eLαα (3)
eRαα → sin2 θw + eRαα, (4)
where the NSI contributions are given by the last term on the right hand side of both of
these equations, and the remaining terms are SM contributions.
Accounting for the spin-up and spin-down components in a nucleus, it is more convenient
to use vector and axial vector parameters V = L + R and V = L− R. Then after a short
summation,
Lαα →
1
2
ZpVαα +
1
2
(Z+ − Z−) pAαα +
1
2
NnVαα +
1
2
(N+ −N−) nAαα (5)
Rαα →
1
2
ZpVαα −
1
2
(Z+ − Z−) pAαα +
1
2
NnVαα −
1
2
(N+ −N−) nAαα (6)
where Z+(N+) and Z−(N−) are the corresponding numbers of spin-up and spin-down protons
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(neutrons), and the p and n are
pVαα =
1
2
− 2 sin2 θw + 2uVαα + dVαα (7)
pAαα =
1
2
+ 2uAαα + 
dA
αα (8)
nVαα = −
1
2
+ uVαα + 2
dV
αα (9)
pAαα = −
1
2
+ uAαα + 2
dA
αα. (10)
The structure of the nucleus is described by the quantity F 2 (Q2), which we parameterize
as the helm form factor [31]. It is also worth noticing that the axial vector contribution is
negligible since it is proportional to the nuclear spin, and since the nucleus is heavy, the
entire process is non-relativistic, Er  Eν .
The propagation of neutrinos is described by
i
d
dt
|νβ〉 = Hβα |να〉 (11)
where the Hamiltonian includes both vacuum and matter contributions
Hβα =
[
Udiag
(
0,
∆m221
2E
,
∆m231
2E
)
U †
]
βα
+
√
2GF
∑
f
nf
(
δefδeα + 
f
βα
)
, (12)
where U is the neutrino mixing matrix and ∆m2ı are the squared differences between neutrino
mass eigenstates. Including only the effect of forward scattering, in which zero momentum
is transferred, the NSI parameter  in Equation 12 is given by fαβ = 
fL
αβ + 
fR
αβ . In addition
to fLαβ + 
fR
αβ , the quantity 
fL
αβ − fRαβ also plays role in the scattering experiments. For the
solar density, nf , we take the model of Ref. [32].
We determine the neutrino survival probability in a full three-flavor framework. The
survival probability is obtained by diagonalizing the Hamiltonian
H (t) = U˜ (t) diag
(
m21 (t)
2E
,
m22 (t)
2E
,
m23 (t)
2E
)
U˜ (t)† . (13)
The density in the sun changes smoothly enough that neutrinos propagate adiabatically.
This means that by averaging over the distance, the probability of transition from flavor β
to flavor α is
Pβ→α =
∣∣∣U˜ (t)αi∣∣∣2∣∣∣U˜ (0)βi∣∣∣2. (14)
This can be interpreted as the multiplication of the probability of transition to a mass
eigenstate at the production region and at the escaping region [33].
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We note that previous authors have computed the solar neutrino survival probability in-
cluding NSI within a reduced two-flavor framework [34]. We find that the two-flavor frame-
work is a good approximation to the full three-flavor framework, with the only discrepancy
arising at high neutrino energy, where the approximation that GF
∑
f nf
f
αβ  ∆m231/Eν
breaks down. In the energy regime where most solar neutrinos lie (eg. Eν < 20 MeV),
the three-flavor survival probability in Equation 14 will give the same result as the more
commonly used two-flavor survival probability. The advantage of adopting the three-flavor
oscillation framework is that it enables the examination of entire space of  using scattering
experiments.
III. RESULTS
We identify regimes of the NSI parameter space that are not ruled out by previous
experiments, but are observable in direct detection experiments. We take the range quoted
in Refs. [35, 36] for the allowed range of ’s. In order to isolate the impact of individual
NSI parameters, we allow a given  to vary one at a time, while keeping all others fixed.
For simplicity we just present results for a xenon target, though the salient points of our
argument are not affected by this choice. Unless otherwise indicated we take the LMA
solution for the neutrino oscillation parameters [37]. For the solar neutrino fluxes, we take
the high metallicity standard solar model [38, 39], and we include all the components of the
solar spectrum.
Figure 1 shows how the electron recoil event rate due to elastic scattering, ν + e− →
ν + e−, is affected as each  varies over their respective allowed range. The electron recoils
are primarily due to low energy pp solar neutrinos, with a <∼ 10% contribution from 7Be
neutrinos. Depending on the value of , the event rate may either be greater than or less
than the corresponding SM event rate. In large regions of parameter space, we find that the
existence of NSI parameters can be distinguished from the SM. This can be seen by defining
a simple measure of significance as χ2 = (ns−nb)
2
nb
, where ns is the rate including NSI and nb
is the SM rate. We find that eLeτ , 
eL
ττ have a significance of χ
2 > 4 for a 1 ton-year exposure.
Figure 2 shows how the nuclear recoil event rate due to coherent scattering on the xenon
nucleus is affected as each  changes over their respective allowed range. The coherent
scattering over the energy regime we consider is due entirely to the high energy, 8B solar
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FIG. 1: Number of events above an equivalent electron recoil energy threshold of 1 keV as each 
varies over its allowable range (dashed blue curves). The solid orange curve gives the SM contri-
bution.
neutrinos. For nuclear recoils, Figure 2 shows that direct detection experiments are sensitive
to e and τ -flavor NSI. As in the case of electron recoils, the event rate may be either
enhanced or decreased relative to the SM event rate. As for electron recoils, the existence
of NSI parameters can be distinguished from the SM for large regions of parameter space;
for example we find that uee, 
u
eτ , and 
d
eτ have a significance of χ
2 > 4 for a 1 ton-year
exposure. In contrast to the case of electron recoils, in order to get an observable effect,
the threshold needs to be relatively low, ∼ 1 keV, as the nuclear form factor suppresses the
number of events at high energy drastically. Future xenon experiments are expected to be
able to achieve the required threshold energies [40].
The differences between the SM and NSI rates in Figures 1 and 2 are due to both the
effect of NSI in propagation and in detection. In order to disentangle the relative importance
of both effects, Table I shows the event rate compared to the SM rate, with and without
the inclusion of NSI term in Hamiltonian of Equation 12. The first row, NMSW/NSM , is
the ratio of the respective curves in Figures 1 and 2 at their  values of maximal deviation.
This is compared to the case in which we do not allow for neutrino flavor transformations
from their production in the sun to their detection; the event rate in this case is defined as
NnoMSW . Instances in which the ratios NnoMSW/NSM and NMSW/NSM are close together
implies that the largest impact of NSI comes from the detection cross section in Equation 2.
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FIG. 2: Number of events above a nuclear recoil energy threshold of 1 keV as each  varies over its
allowable range (dashed blue curves). The solid orange curve gives the SM contribution.
Where these ratios are very different, such as with uee and 
d
ee, the dominant effect of NSI
comes from matter-induced transformations.
To further illustrate this point for a couple of examples, we can examine the electron
neutrino survival probability with NSI included. Figure 3 shows the survival probability
for several ’s which show significant deviation from the SM, for both electron and nuclear
recoils. In both cases, maximal deviations between the NSI and SM curves arise in the
transition to the matter-dominated regime and in the matter dominated region, while the
vacuum-dominated regime at low energy is unaffected.
The aforementioned results clearly indicate that NSI will affect future low-mass dark
matter searches. Previous studies have used a specific statistical criteria, i.e. a discovery
limit [8, 41], to quantify how the dark matter sensitivity scales as a function of detector
exposure. For simplicity, here we just consider dark matter searches to be significantly
impacted when the number of neutrino events above a given nuclear energy threshold exceeds
one, for a given detector exposure. Figure 4 shows how this event rate depends on energy
threshold, for NSI parameters which give a maximal deviation from the SM. This clearly
indicates how the neutrino floor may ultimately be either raised or lowered if NSI are allowed.
Finally, we note that when NSI are allowed, a “dark side” solution for the LMA appears,
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eLee = 0.052 
eL
eµ = 0.13 
eL
eτ = 0.33 
eR
ee = 0.08 
eR
eτ = 0.19 
eL
ττ = −0.16 uee = 0.2 ueτ = −0.15 deτ = −0.15 dee = 0.26
N
NSM
1.10 1.03 1.23 1.07 1.05 1.14 0.69 1.36 1.45 0.69
N
NSM
1.12 1.03 1.31 1.01 1.07 1.08 0.67 1.34 1.43 0.75
N
NSM
1.13 1.05 1.32 1.02 1.08 1.09 0.44 1.43 1.55 0.56
N
NSM
1.69 1.52 1.79 1.51 1.55 1.47 4× 10−5 1.56 19.07 5× 10−3
TABLE I: Each row gives the ratio of the number of events for a given , with and without the
inclusion of neutrino transformations in Equation 12. NSM is the number of events in the SM,
without NSI, N is the number of events predicted by substracting NSI-MSW, MSW and entire
oscillation from Equation 12 correspondly for each row. For each column, the  is chosen to
maximize the difference from SM.
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FIG. 3: Electron neutrino survival probability for the SM (blue) compared to cases in which the
NSI give significant deviations from the SM. The left panel shows ’s which give deviation from
the SM for electron recoils, and the right panel shows ’s which give deviation from the SM for
nuclear recoils.
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FIG. 4: Event rate as a function of energy threshold for different NSI models. Horizontal lines
indicate where the event rate falls below one per year for, from top to bottom, 0.1, 1 and 10 ton
detectors.
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FIG. 5: Total number of events above an indicated nuclear threshold energy for the LMA-d solution
with sin2 θ12 = 0.7 [42], for three different threshold energies.
characterized by θ12 > 45
◦ (LMA-d) [35]. In Figure 5, we show that this solution can be
discovered in direct detection experiments for threshold energies of 1 keV. Thus forthcoming
direct detection experiments have a novel and unique discovery sensitivity to the entire region
of the LMA-d solution.
IV. DISCUSSION AND CONCLUSION
In this paper we have explored the impact of non-standard neutrino interactions on the
neutrino background in dark matter detectors, focusing specifically on solar neutrinos. We
have shown that due to both matter-induced transformations in propagation and changes
in the cross section, the event rate can be significantly enhanced or decreased relative to the
SM prediction. This change may be observable in forthcoming detectors.
Two important and general conclusions follow from our results. First, direct dark matter
searches are able to probe NSI parameter space that cannot be probed by current neutrino
experiments, implying that direct dark matter searches have an important role in searches
for beyond the Standard Model physics through the neutrino sector. The elastic scattering
and coherent scattering channels are complementary [36], probing NSI in different regimes
of parameter space. Second, the uncertainty in NSI parameters constitute an additional
uncertainty to the neutrino background in future searches for low mass dark matter.
While the focus of this paper has been on solar neutrinos, it will be straightforward
to extend this analysis to both atmospheric and diffuse supernova neutrinos, which will
constitute a background for dark matter experiments at higher dark matter mass, >∼ 10
9
GeV. However, it is likely that the atmospheric background and NSI contributions to the
background cannot be reached soon. The implications for dark matter searches over a wide
range of mass scales will be further explored in forthcoming analyses.
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